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Study  region: River basins draining into  the  Baltic Sea, known  as  the Baltic
Sea Drainage  Basin (BSDB).
Study focus:  Dramatic  shifts  in water  quality  have been  observed  in  the
Baltic Sea  in  past decades.  This  study investigated  the  spatial  distribution
of trends  in nitrogen  (N) and  phosphorus  (P) in  relation  to  societal,  land
cover and  climatic changes.  A 31-year record of observed  catchment  scale
nutrient concentration  and  discharge  data for the  period  1970–2000 was
combined with  climate  and  land  cover data.  A Mann–Kendall  test  was
applied to reveal  trends  in  N and  P, the  N:P  ratio,  discharge,  temperature
and precipitation.  Classical  factor analysis and  Kendall’s  rank correlation
identiﬁed the  most important  relationships  between  nutrients,  land cover
and climate.
New hydrological  insights  for  the  region: A large  spatial  variability  in  N
and P trends  was  observed  with  a notable difference  between  the east  and
west of the  BSDB.  The existence  of regional  trend  variations  are  impor-
tant for  nutrient  load  reduction  management  strategies.  Speciﬁcally,  it  is
recommended that strategies  targeting  seawater  eutrophication  should
focus more  on  P rather than N reduction  because increasing  P in the  east-
ern catchments  is  responsible  for the  overall declining  trend in  the  N:P
ratio, an  important trigger for algal blooms.
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1. Introduction
In past decades, dramatic shifts in water quality have been observed in the Baltic Sea. Problems
occurring with such shifts include stagnation events that have resulted in anoxic bottom waters, the
spreading of dead bottom zones and increased frequency and intensity of algal blooms (Boesch et al.,
2006, 2008; Österblom et al., 2007; Vahtera et al., 2007; Voss et al., 2011). Of particular concern are
blooms of toxic dinoﬂagellates and raphidophytes, which cause ﬁsh mortalities in both the wild and
aquaculture (Boesch et al., 2006). More of these events are likely to occur in the future as the majority
of projections point to increased nitrogen (N) and phosphorus (P) loads coming into the Baltic Sea
in the 21st century (Graham and Bergström, 2001; Hägg et al., 2013; Reckermann et al., 2011). In
addition to loads, it may  be insightful to consider other indicators such as the N:P ratio which can also
change under conditions where one nutrient is declining/increasing faster than the other. This in turn
can cause algal blooms as different optimal N:P ratios exist for the growth of various algae (Anderson
et al., 2002; Hodgekiss and Ho, 1997). As such, monitoring the water quality of the rivers that drain
into the Baltic Sea is important as they directly inﬂuence the Sea’s water quality state (Jansson and
Stålvant, 2001). This is because the Baltic Sea has little water exchange with the North Sea, and as a
result is more susceptible to anthropogenic impacts compared to other, more open, seas (Pastuszak
and Igras, 2012; Pawlak et al., 2009). Therefore, it is important to understand and identify mechanisms
that control the water quality in the catchments surrounding the Baltic Sea, known as the Baltic Sea
Drainage Basin (BSDB).
Investigating possible mechanisms inﬂuencing the water quality of the rivers draining the catch-
ments in the BSDB, however, is not straightforward as differences exist among the catchments in
terms of societal, land cover and climatic characteristics (Graham and Bergström, 2001; Thorborg,
2012). Changes in society, land cover and climate can all lead to changes in the water quality of the
catchments. Hägg et al. (2013) showed that regional anthropogenic effects are potentially more impor-
tant for projecting nutrient load than climate change impacts. Anthropogenic effects are evident in a
large part of the BSDB manifested through “the fall of the iron curtain” in 1989, which was  an impor-
tant societal change creating a clear transition period. During the transition period following the 1989
events, several fundamental shifts associated with livelihoods within the BSDB occurred including:
(1) a drop in artiﬁcial fertilizer and manure application, (2) a decrease in livestock keeping, (3) clo-
sure of several factories, (4) improvements in farm management practices and (5) modernization of
wastewater treatment plants all impacted the nutrient dynamics (Iital et al., 2005; Pastuszak et al.,
2012). In addition, land cover change affected the hydrological cycle by altering inﬁltration, ground-
water recharge, base ﬂow and run-off in catchments (Lin et al., 2007; Todd et al., 2007). In the BSDB,
conversion of wetlands into forests or agriculture have had signiﬁcant impact on the terrestrial water
balance as wetlands can maintain high discharges in dry periods of the year, which in turn alters ﬂow
regimes (Lyon et al., 2012; Van der Velde et al., 2013).
Climate change potentially inﬂuences water quality through several mechanisms. Temperature
and precipitation change can cause changes in river ﬂow regimes, which in turn affect hydrology and
water quality. According to Wilson et al. (2010), a trend in temperature may  cause long-term changes
in the seasonal distribution of ﬂow and in the magnitude and frequency of ﬂoods and droughts in
Scandinavia. The same conclusion from model results was reported by Moore et al. (2008). Wright
(1998) reported that an increase in temperature resulted in an increase in decomposition of organic
matter leading to enhanced amounts of N in a river area in Norway. Similar observations were reported
for P (Bowes et al., 2009).
Several regional studies have shown that changes in society, land cover and climate impacted the
water quality of individual rivers in the BSDB in various ways (Hussian et al., 2005; Iital et al., 2005;
Pastuszak et al., 2012). Recent modelling studies projecting future changes of nutrient loads into the
Baltic Sea focused on the basin scale (Arheimer et al., 2014; Donnelly et al., 2014; Meier et al., 2012,
2014) whereas the Helsinki Commission (HELCOM) provided data on riverine nitrogen and phosphorus
inputs on the basin to the sub-basin scale (e.g. HELCOM, 2011, 2013). The aforementioned modelling
studies are often considered by policy makers when they formulate and implement management
strategies. However, an overall spatial analysis on the catchment scale in the BSDB has not been
presented yet. Such an analysis might reveal additional information which can lead to more focused
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and effective management strategies. In this study we aim to investigate the spatial distribution of
trends in N and P at the catchment scale and relate these to changes in society, land cover and climate.
Such a spatially explicit regional analysis is essential to establish understanding of factors inﬂuencing
observed trends in total N and total P in order to develop workable management strategies that can
improve water quality of the Baltic Sea.
2. Material and methods
2.1. Data sampling
The Baltic Nest Institute (BNI) compiled a uniform dataset based on measurements of monthly
discharge and nutrient concentrations of total N (TN) and total P (TP) for 117 catchments ﬂowing
into the Baltic Sea (Mörth et al., 2007; Smedberg et al., 2006). Time series of 84 catchments span the
period 1970–2000, while 33 catchments have data available for the period 1980–2000. Data after
the year 2000 are not available. To complement these data, monthly averages of temperature and
precipitation of each catchment were obtained from the E-OBS gridded dataset (Haylock et al., 2008,
http://eca.knmi.nl). This is a high resolution grid (10 km × 10 km)  based on roughly 250 weather sta-
tions in Europe (Haylock et al., 2008). Also, fractions of land cover for the year 2000 in the BSDB
were retrieved from the Corine Land-use dataset for European catchments. For catchments in Russia,
the Global Land Cover dataset was used. These two  datasets were merged by the BNI (Mörth et al.,
2007). The types of land cover extracted are artiﬁcial (urban) area, cultivated area, deciduous forest,
coniferous forest, mixed forest, shrubs and herbs, wetlands and water bodies (rivers and lakes).
2.2. Dataset preparation
For some years in six catchments located in Estonia, Latvia and Russia (one catchment in the period
1970–1976 and ﬁve catchments in the period 1994–2000) only yearly average values for discharge,
TN and TP were reported. To restore the monthly seasonality in the data for these catchments and
periods, the average monthly deviations from the yearly mean derived from the years with monthly
measurements were used to correct the reported yearly average value. Six other catchments were
rejected completely for analysis because both monthly and yearly variability was  lacking for the period
1980–1990. The rejected catchments were located in the Danish Straits and the Kattegat.
In this study, it was worthwhile to distinguish between nutrient concentrations and loads (here-
after referred to as TNC, TPC for concentrations and TNL, TPL for loads). In addition, we  considered
speciﬁc loads of nutrients (kg km−2 yr−1) obtained by multiplying concentrations with the discharge
and dividing by catchment size. Total loads (kg yr−1) were also considered in this study. With the total
load, the net changes in TN and TP exported to the Baltic Sea were calculated. From the total loads,
the N:P (mass) ratio was derived which formed another important variable in this study.
To analyze potential differences in processes impacting nutrient loads and concentrations by soci-
etal change, the BSDB was split up in east and west. All catchments that were located at the eastern side
of the historical iron curtain were labelled as ‘east’, the remaining catchments as ‘west’ (Figs. 2 and 3
show this division). This way, three groups were created for analysis: “east”, “west” and “east + west”.
Although the east covers 1004 × 103 km2 and the west 711 × 103 km2, the number of catchments in the
east is less than in the west (28 and 83 respectively). This is because smaller catchments are located
in the west than in the east (catchment size in the dataset differ from 302 km2 to 280 × 103 km2).
It is this difference that motivates the primary use of speciﬁc loads in the study with total loads as
complimentary data.
2.3. Data analysis
For each group (east, west and east + west), aggregated yearly time series were constructed for tem-
perature, precipitation, discharge, TNC, TNL, TPC, TPL and the N:P ratio to characterize the interannual
variability. The aggregated yearly averages for the time series (Fig. 1) and the aggregated averages of all
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Fig. 1. Aggregated yearly time series for the period 1970–2000 for temperature (a), precipitation (b), discharge (c), TNC (d), TNL
(e), TPC (f), TPL (g) and the N:P ratio (h). A distinction was made between east (blue), west (red) and east + west (black). Trend
lines (black) shown only if the Mann–Kendall trend test conﬁrmed a signiﬁcant trend.
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Table 1
Average values for the period 1970–2000 for catchment size, temperature, precipitation, discharge, TNC, TNL, TPC and TPL
divided by east, west and east + west.
Variable Unit East West East + west
Catchment size km2 (×103) 1004 711 1715
Temperature* ◦C yr−1 5.9 2.1 4.4
Precipitation mm yr−1 590 584 588
Discharge* mm yr−1 221 357 277
TNC * g l−1 2284 583 1387
TNL * kg km−2 yr−1 506 209 384
TPC * g l−1 103.7 27.8 63.3
TPL * kg km−2 yr−1 23.0 9.9 17.6
N:P  ratio 22.6 21.1 22.2
* Indicates that the average values between east and west are signiﬁcantly different (p < 0.05).
years (Table 1) for the three groups were calculated by accounting for the catchment size. Furthermore,
a paired t-test was applied to test whether variables are signiﬁcantly different for east and west.
To detect signiﬁcant trends in the monthly time series of temperature, precipitation, discharge,
TNC, TNL, TPC, TPL and the N:P ratio, a seasonal Mann–Kendall trend test was  carried out for each
catchment in the BSDB (the signiﬁcance level was set to 0.05). The seasonal Mann–Kendall trend
test is a non-parametric test for the existence of a monotonic trend and has the advantage that the
power and signiﬁcance of the test are not affected by the actual distribution of the data (Hamed, 2009;
Hipel and McLeod, 2005). For all signiﬁcant trends, the slope was determined using an ordinary least
square regression to estimate the true slope of the linear trend present in the time series. The slopes
were categorized using the Jenks natural optimization method. This statistical mapping method is
a common way to determine optimal size classes by minimizing the squared deviations of the class
means. The Mann–Kendall trend test was also carried out to investigate the existence of trends in the
aggregated annual temperature, precipitation, discharge, TNC, TNL, TPC, TPL and the N:P ratio time
series.
In addition to these straightforward trend investigations, the Kendall rank correlation coefﬁcient 
was estimated to determine the statistical dependence between two time series of variables based on
the slope of signiﬁcant trends. Tau-values near zero indicate statistical independence of the compared
quantities, while -values near 1 (or −1) indicate that the two variables tend to strongly move in the
same (opposite) direction. TNL and TPL were excluded from this analysis because loads are composites
of discharge and TNC or TPC and thus lead to spurious correlations.
To analyze potential differences in processes impacting nutrient loads and concentrations by land
cover and climate change, a classical factor analysis was  carried out. Because land cover variables were
only available for the year 2000, all remaining variables used in the factor analysis were averaged over
the period 1996–2000 to represent a reliable (stable) average that can be correlated to the land cover of
the year 2000. We  assume that no signiﬁcant changes in land cover occurred during this 5-year period.
The catchment size was also included in the analysis to see if size is inﬂuencing nutrient loads and
concentrations. Furthermore, TNC, TNL, TPC and TPL were excluded in the analysis to isolate climate-
and land cover related factors. In the factor analysis, no distinction was  made between east and west
due to the fact that the east contains too few catchments (28) for a reliable estimate of the factor
loadings and scores. Therefore, east and west were grouped together. First, all land cover variables,
discharge and the catchment size were log-transformed (temperature and precipitation were already
normally distributed) where after the factor loadings and factor scores of the ﬁrst three factors were
extracted from the analysis (a varimax rotation was  used for the factor loadings). In the factorial
analyses, the ﬁrst three factors reﬂecting the most important relationships among the variables were
used in this study. The factor loadings were used to interpret the factors whereas the factor scores were
used for Kendall’s rank correlation. Here, the scores and the original variables of TNC, TNL, TPC and TPL
were put into the analysis to see if the factors were signiﬁcantly correlated with the corresponding
nutrients.
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Table 2
Results of the seasonal Mann–Kendall trend test. Trends are divided in east and west. %pos and/or %neg show the percentage of
area  that contains a positive/negative signiﬁcant trend in east or west. pos and/or neg show the average change per year of
the  positive/negative trends.  of temperature is in ◦C yr−1,  of precipitation and discharge is in mm yr−2,  of TNC and TPC
is in g l−1 yr−1 and  of TNL and TPL is in kg km−2 yr−2. Trends in N:P ratio are per year.
Variable Unit East West East + west
%pos pos %neg neg %pos pos %neg neg %pos pos %neg neg
Temperature ◦C yr−1 97 0.04 – – 89 0.04 – – 94 0.04 – –
Precipitation mm yr−2 18 3.0 – – 39 3.2 – – 27 3.2 – –
Discharge mm yr−2 46 1.8 43 −0.9 69 3.6 2 – 56 2.8 26 −0.9
TNC g l−1 yr−1 36 8.9 42 −32.2 45 4.7 22 −8.7 40 6.9 34 −25.8
TNL kg km−2 yr−2 36 2.2 41 −7.4 65 2.5 11 −1.6 48 2.4 28 −6.4
TPC g l−1 yr−1 76 2.5 7 −0.3 18 0.5 60 −0.4 52 2.2 29 −0.4
TPL kg km−2 yr−2 78 0.39 3 −0.16 31 0.12 26 −0.12 59 0.33 13 −0.13
N:P ratio – – 71 −1.3 37 0.4 15 −0.6 16 0.4 48 −0.9
3. Results
3.1. Trend analysis
The seasonal Mann–Kendall trend test revealed a positive trend in temperature across almost the
entire BSDB with an average increase of 0.04 ◦C yr−1 over the 31-year record (Table 2). Temperature
increase was higher in catchments located at the coast of the Baltic Sea compared to catchments
located further away from the Baltic Sea, as shown in Fig. 2a where for each catchment the yearly
trend is plotted for the whole BSDB. A positive trend in precipitation was  visible in 18% of total eastern
area (AE) and in 39% of total western area (AW) with an average increase of 3.2 mm  yr−2 across the
entire BSDB (Table 2). The spatial map  of precipitation trends for the BSDB shown in Fig. 2b does not
have a clear spatial pattern although most of the trends are located in the more northern catchments.
Fig. 2c shows that in general, discharge decreased in the more southern catchments and increased in
the more northern catchments with the average rate of increase being 2.8 mm yr−2 and the average
rate of decrease being 0.9 mm  yr−2. The Mann–Kendall trend test performed on annual time series
conﬁrmed signiﬁcant trends for temperature (east and west) and discharge (west) (Fig. 1a and c).
Fig. 2. Signiﬁcant trends of temperature in ◦C yr−1 (a), precipitation in mm yr−2 (b) and discharge in mm yr−2 (c) over time for
the  period 1970–2000 according to the seasonal Mann–Kendall trend test with a signiﬁcance level of p < 0.05. Intervals deﬁned
with  Jenks natural breaks optimization method.
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Fig. 3. Signiﬁcant trends of TN g l−1 yr−1 (a) TP in g l−1 yr−1 (b) and N:P ratio (c) over time for the period 1970–2000 accord-
ing  to the seasonal Mann–Kendall trend test with a signiﬁcance level of p < 0.05. Intervals deﬁned with Jenks natural breaks
optimization method. In each catchment, purple circles represent factor scores for factor 1 (a), factor 2 (b) and factor (3). The
size  of the circle is proportional to the importance of the factor.
Note that Fig. 1 shows all catchments while in Table 2 only catchments with signiﬁcant trends are
included.
There were clear, signiﬁcant, differences between east and west (Fig. 3a and b) in terms of the
concentrations (TNC and TPC). It should be noted that, while the loads are not shown here, their dis-
tributions look similar to those exhibited by the concentrations. The average negative trends for TNC
and TNL are stronger in the east (32.2 g l−1 yr−1, 7.4 kg km−2 yr−2) than in the west (8.7 g l−1 yr−1,
1.6 kg km−2 yr−2) while positive trends are low in both the east and west (Table 2). On the contrary, pos-
itive trends for TPC and TPL in the eastern catchments are stronger (2.5 g l−1 yr−1, 0.39 kg km−2 yr−2)
than in the west (0.5 g l−1 yr−1, 0.12 kg km−2 yr−2) while negative trends are low in both the east and
west. For the aggregated yearly time series, the Mann–Kendall trend test conﬁrmed signiﬁcant trends
for TNC (both east and west), TNL (west), TPC (east) and TPL (east and west) (Fig. 1d, e, f and g).
Clear differences were found between east and west (Fig. 3c) in terms of signiﬁcant changes in the
N:P ratio. 71% of the eastern catchment area showed a negative trend in the N:P ratio with an average
decrease of 1.3 yr−1. 15% of the western catchment area exhibited a negative trend in the N:P ratio
with an average decrease of 0.6 yr−1 while 37% of the western area has a positive trend of 0.4 yr−1. In
the eastern catchments the N:P ratio declined over time from a ratio of almost 30 in 1970 to a ratio
of almost 16 in 2000 (Fig. 1h). In the western catchments the N:P ratio appeared stable at around 20.
However, for the aggregated yearly time series, the Mann–Kendall trend test conﬁrmed signiﬁcant
trends for both the east and west.
3.2. Correlation and factor analysis
In order to gather more insight in whether the strength of the trend in one variable inﬂuences the
strength of the trend in another variable, Kendall’s rank correlation analysis was carried out based
on the slopes of all signiﬁcant trends in east and west (Table 3). In the east and west, as expected,
a positive correlation (p < 0.05) was found between the increase in precipitation and the increase in
discharge ( = 0.4 for east and  = 0.2 for west) as more precipitation will in general lead to more
discharge (Bae et al., 2008). However, a positive correlation (p < 0.05) was  also found between TNC and
discharge in the east ( = 0.4), which was not expected as more discharge will in general dilute the
concentration. In the west, a positive correlation (p < 0.05) was  found between TNC and TPC ( = 0.2),
meaning that if the strength of the trend of one nutrient increases, the strength of the trend in the
other nutrient will also increase (or vice versa). In the west, the strength of the trend in temperature
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Table 3
Kendall’s rank correlations () between the average trends of all
western (above marked cells) and eastern (under marked cells)
catchments. Correlations only shown if signiﬁcant (p < 0.05).
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TPC - 0.2
Discharge 0.4 - 0.2 -0.3
Precipitation 0.4 -
Tempe rature -
Table 4
Factor matrix and output of Kendall’s rank correlation on factor scores. Values in the factor columns represent the loadings of
the  corresponding variables. Loadings between −0.3 and 0.3 are not shown. Positive loadings are correlated with each other
and  comprise the positive component. The same is true for the negative loadings. The positive and negative components have
an  inverse relationship. Values in the Kendall’s rank correlation represent signiﬁcant coefﬁcients (). NS means not signiﬁcant.
Factor 1 Factor 2 Factor 3
Variance 21% 18% 8%
Precipitation 0.42
Discharge 0.38
Temperature 0.77 −0.45
Catchment size
Artiﬁcial area 0.56 −0.49 −0.33
Cultivated area 0.51 −0.74 −0.33
Deciduous forest 0.72
Mixed forest −0.48
Coniferous forest 0.71 −0.30
Shrubs and herbs −0.69
Wetlands −0.63
Water bodies 0.55
Kendall’s rank correlation
Factor 1 Factor 2 Factor 3
TNC 0.33 NS NS
TNL 0.17 NS 0.18
TPC 0.17 NS −0.14
TPL NS NS NS
has a positive correlation (p < 0.05) between TNC and TPC (both  = 0.2). Hence, in western catchments
where temperature increase is high, trends in TNC and TPC are also high. However, as expected, a
negative correlation (p < 0.05) was found between temperature and discharge ( = −0.3) as higher
temperatures generally evaporate more water leading to decreased discharge. Please note that both
temperature and discharge in most western catchments are increasing (Fig. 2a and c). Therefore, this
negative correlation means that in catchments where temperature is increasing at a relatively faster
pace, the discharge is increasing at a relatively slower pace (and vice versa). This correlation was not
found in eastern catchments.
From the factor analysis, it is concluded that the ﬁrst three factors explained 47% of the variance
in the dataset (Table 4). In the ﬁrst factor, positive loadings consist of temperature, precipitation,
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artiﬁcial area and cultivated area. The negative loadings consist of shrubs and herbs, wetlands and
mixed forest. These positive and negative components have an inverse relationship such that the
ﬁrst factor explains 21% of the variance. TNC, TNL and TPC are positively correlated with the factor
scores of this factor. This means that the more positive the factor scores in a catchment (explained
by the positive loadings), the higher TNC, TNL and TPC will be in that catchment. The opposite is
also true. The factor scores of the ﬁrst factor are presented in Fig. 2a. This ﬁgure shows that the
ﬁrst factor is more important in the more northern catchments. The positive loadings of the second
factor consist of coniferous forest, water bodies and discharge and the negative loadings consist of
cultivated area, artiﬁcial area and temperature. This relationship explains 18% of the variance. TNC,
TNL, TPC and TPL are not inﬂuenced by this factor. The factor scores of the second and third factor
do not show a clear pattern (Fig. 2b and c). The third factor explains 8% of the variance and consists
of deciduous forest (positive) and artiﬁcial area, cultivated area and coniferous forest (negative). TPC
is negatively correlated with this factor which means that the more positive the factor scores in a
catchment (more deciduous forest), the lower TPC will be in that catchment. The more negative the
factor scores in a catchment (more artiﬁcial area, cultivated area and coniferous forest), the higher TPC
will be in that catchment. The opposite is true for TNL. The size of the catchment is not inﬂuencing any
factor.
4. Discussion
The seasonal Mann–Kendall trend test revealed a sharp difference in trends for TN and TP between
the east and the west of the BSDB both in loads and concentrations. In the east, trends for TNC and TNL
are generally negative whereas trends for TPC and TPL are generally positive. In western catchments,
more positive trends are found for the loads while more negative trends are found for the concentra-
tions, likely because of increased discharge in the west. Since the eastern BSDB has experienced a more
drastic change in the socio-economic structure and development in the period 1970–2000 (result-
ing in the aforementioned transition period), the difference in nutrient trends in the east suggests
that the societal changes have led to signiﬁcant changes in the diffuse and point sources inﬂuenc-
ing the concentrations and loads of TN and TP. Furthermore, signiﬁcant differences observed in the
direction and strength of the trends between TN and TP suggests that different controls exist for
the two nutrients across the BSDB. This ﬁnding is in line with previous research done on trends
in N and P in Estonian rivers (Iital et al., 2005). Iital et al. (2005) found a downward trend in the
amount of N in 91% of the studied sites while a downward trend in the amount of P was  observed
in only 9% of the studied sites while also some upward trends were observed (9% of the studied
sites).
Table 2 and Fig. 3 show that there is a lot of variability between the catchments in both east and west.
The regional variation in trends can prove interesting for management strategies that aim to reduce
nutrient loads into the Baltic Sea. The focus should be more on catchments experiencing an increasing
trend or no trend at all. Previous modelling studies projecting future changes of nutrient loads into
the Baltic Sea focused on the entire basin-scale (Arheimer et al., 2014; Donnelly et al., 2014; Meier
et al., 2012, 2014). These modelling studies and their ﬁndings are often considered by policy makers
to implement management strategies. Since our study demonstrates that large variation exists among
the catchments, it can be suggested to look more at catchment-scale interactions when developing
management strategies. This might reveal additional information which can lead to more focused
and effective approaches to reach targeted reductions. The results in Table 2 show the potential for
nutrient reductions in the BSDB. Upscaling the 0.13 kg km−2 yr−2 reduction in TP observed in 13% of
the total BSDB area (east + west) results in a potential reduction of 223 tonnes per year. Considering
a similar upscaling for TN, there is a potential reduction of 10,980 tonnes per year. Target reductions
set by the Baltic Sea Action Plan (BSAP) correspond to a reduction of 135,000 tonnes TN and 15,250
tonnes TP by 2021 (HELCOM, 2007). If we assume these potential reduction rates for TN and TP, then
the target reduction of TP would be reached in 68 years while the target reduction of TN would be
reached in 12 years. Although it is unlikely that change rates calculated for the year 1970–2000 will
be the same for 2000–2021, these estimates suggest it is possible to reduce TP in the BSDB but that it
will be difﬁcult to reach the target reductions by 2021 without signiﬁcant shifts in land management.
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Table 2 and Fig. 3 also show that the focus for management strategies should be more on P reduction
rather than on N reduction as more catchments show an increasing trend rather than a negative trend
for TP.
This suggestion is further reinforced when the N:P ratio is taken into account. The N:P ratio steadily
declined in eastern catchments from 30 to 16, which will ultimately affect the N:P ratio for the whole
Baltic Sea. The results presented in this study suggest that a declining trend in N:P ratio is largely
caused by an increase of TP from eastern catchments. Plin´ski and Józ´wiak (1999) conﬁrmed that
the main cause of green algal blooms is the lowering of the N:P ratio due to an increased input of
phosphorus (N:P ratio below 8). Hodgekiss and Ho (1997) found that the growth of most red tide algal
blooms is optimized at ratios between 6 and 15. Hence, N:P ratios can act as an early warning signal
for algal bloom types and frequencies. Based on the N:P ratio trend observed in this study, the N:P
ratio should be monitored throughout the BSDB and P input should be reduced in eastern catchments
in order to stop the decreasing trend in the N:P ratio found in this study.
From our study we can conclude that the socio-economic changes were most likely responsible for
the change in nutrient dynamics in the BSDB. This is because of the steady decrease in TN due to changes
in the diffuse sources from agricultural activities mainly in the east (HELCOM, 2011). The transition
period brought about improvements in farm management practices, which resulted in reduced nitro-
gen loads. In contrast to the changes in diffuse nitrogen sources, changes in point sources are likely
the main driver for the observed trends in TPC presented in this study (consistent with modelling
work from Mörth et al., 2007). Negative trends for TPC in the western catchments can be explained by
the increasing percentage of wastewater being treated and by the implementation of advanced treat-
ment techniques in municipal and industrial facilities (HELCOM, 2011). Moreover, lifestyle changes
such as closure of heavily polluting factories and an increased use of phosphorus-free detergents also
helped in reducing phosphorus concentrations in the catchments. However, a substantial increase in
TP was found in the eastern catchments. Reduction of P from point-source discharges started only
after the transition period for the eastern countries. Although P loads to the Baltic Sea reduced from
1989 onwards, the major reductions happened after 2005 when Latvia, Lithuania, Estonia and Poland
joined the EU (HELCOM, 2011).
The large socio-economic transition in the east was accompanied by a change in land cover that also
affected nutrient dynamics. Because no data were available on land cover change, land cover for the
year 2000 was used. The ﬁrst factor shows that cultivated and urban areas both have a positive effect on
TNC, TNL and TPC, which is logical as these types of land cover are associated with high input of nitrogen
and phosphorus due to anthropogenic activities. Furthermore, wetlands, mixed forest and shrubs and
herbs have an adverse effect on TNC, TNL and TPC. This inverse relationship to wetlands conﬁrms
that wetlands are important for N-retention (Richardson et al., 1997). It is especially important in the
more northern catchments (Fig. 2). Jansson et al. (1998) estimated that wetlands in the BSDB retain
approximately 5–13% of the annual total amount of nitrogen entering the BSDB. It was  found that
during the transition period large scale land cover changes occurred affecting the hydrological cycle
by altering inﬁltration, groundwater recharge, base ﬂow and discharge in catchments (Lin et al., 2007;
Todd et al., 2007). Moreover, conversion of wetlands into forests or agriculture has had a big impact
on the terrestrial water balance as wetlands can maintain high discharges in dry periods of the year
(Lyon et al., 2012; Van der Velde et al., 2013).
Lastly, our study showed that there appears to be an impact of climatic changes on the nutrient
dynamics. Although some future projections for the BSDB with regards to climate change do not show
dramatic trends in nutrient loads, seasonal variations in discharge will change more rapidly which
might lead to changes in nutrient loads due to shifts in ecosystem functioning (Arheimer et al., 2014).
More insight in these potential drivers is necessary to see if additional reductions are needed (Meier
et al., 2014). In our study, a temperature increase was observed in a large part of the BSDB ranging
from 0.01 ◦C to 0.09 ◦C per year for linear change rates. The International Panel of Climate Change
(IPCC) reported that the global average air temperature increased by 0.013 ◦C per year in the period
1956–2005 (Trenberth et al., 2007) so the trends for temperature found in this study ﬁt well with the
global changes by the IPCC. The higher increase observed near the coast can have two explanations.
First, warming of Baltic Sea water could inﬂuence air temperatures in coastal areas. From literature, it
was found that Baltic Sea water indeed warmed in the past 100 years by 1–2 ◦C (Boesch et al., 2006)
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and will continue to increase in the future (Meier et al., 2012). Second, due to warming of sea water,
the time per year that northern parts of the Baltic Sea are covered with ice decreased which results
in air temperature increase in coastal regions due to a lengthening of the exposure to sea water. This
warming of Baltic Sea potentially can increase denitriﬁcation rates removing N from the nutrient
pool in sediments of the Baltic Sea (Deutsch et al., 2010). Algal blooms are also inﬂuenced by an
increase in temperature. In general, higher temperatures result in more intense algal blooms (Plin´ski
and Józ´wiak, 1999). Our study shows a positive correlation between the increase in temperature and
the increase in TNC and TPC, likely due to increased decomposition rates (Bowes et al., 2009; Wright,
1998). This positive correlation also suggests that increased rates of denitriﬁcation, as a result of
temperature increase, did not result in a substantial decrease in TN in the catchments of the BSDB.
Trends in discharge have a positive effect on TN ( = 0.4), but only in eastern catchments. This positive
correlation between discharge and TNC signals the large surplus in N stored in the eastern catchments
due to past agricultural activities, compared to the N surplus in the western catchments (Basu et al.,
2010).
5. Conclusion
The results presented in this study indicate that the reasons behind the trends for TN and TP are
not the same. Therefore, improving water quality in the catchments requires different approaches.
Since changes in TN depend on changes in diffuse sources, improving agricultural techniques that
reduce nitrogen discharge should be the way forward in reducing nitrogen loads. Subsequently,
conserving wetlands should be prioritized as they are essential for N- and P-retention. Improv-
ing wastewater treatment plants and closing antiquated and/or heavy-polluting factories could
reduce phosphorus loads to the Baltic Sea even more, especially in the eastern countries where
many increasing trends are observed. Overall, the focus for management strategies should be more
on P reduction rather than on N reduction as the increasing trends in TP are responsible for a
declining trend in the N:P ratio in eastern catchments. Because people in the BSDB rely on many
ecosystem services that are vulnerable to eutrophication, it is important to further improve the
water quality in the catchments. This is necessary to secure and sustain these services in the
future.
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